INTRODUCTION
============

It is a known but not widely mentioned fact that within the nerve fiber bundles of the retrolaminar optic nerve densified regions can occur, independent of the topographic location of the optic nerve within the orbit. These regions were first noted by E. Fuchs \[[@R1]\] and subsequently shown by Kolmer \[[@R2]\]. Originally discussed by Fuchs as some type of atrophy, the more recent interpretation by Kolmer was some artifact of preservation. Since this phenomenon has only been described in human optic nerve sections and seems not to appear in the usually used animal models applied for optic nerve studies, it became forgotten in the literature.

Examining numerous human retrolaminar optic nerve semithin cross sections over the last 15 years by light microscopy, occasionally densified regions could be observed in otherwise healthy eyes (unpublished results). Electron microscopic sections of these densified regions showed the normal appearance of optic nerve tissue, preserved axons and myelin sheaths, surrounded by astrocyte processes. The only difference to the surrounding neuronal tissue was a closer arrangement of myelinated nerve fibres. Immunohistochemical staining of these regions revealed a normal staining for GFAP within these densifications. Therefore, in the normal human optic nerve these regions represent morphologically intact densified myelinated axons with an unknown etiology of the densification process.

In the present report densified regions were studied in optic nerves of glaucomatous eyes to test if these regions represent some differences to the normal optic nerve.

MATERIAL AND METHODS
====================

Tissue Samples
--------------

Twenty-five optic nerves (ON) from 14 human donors with the clinical diagnosis of POAG or glaucoma suspect and nineteen ONs from 11 human donors with the clinical diagnosis of PEX syndrome, observed by slit lamp biomicroscopy, were studied. Clinical data of these eyes is provided in Table **[1](#T1){ref-type="table"}** and was partly published previously \[[@R3]\]; research followed the tenets of the Declaration of Helsinki.

After enucleation of the eyes 2-12 hours post mortem, the ONs were immersion fixed in a mixture of 1-2.5% glutaraldehyde and 2.5-4% formaldehyde for several days.

Processing and Staining
-----------------------

Small ON cross sections were rinsed in cacodylate buffer (pH 7.4), postfixed in 1% osmium tetroxide, dehydrated and embedded in Epon. Semi-thin cross sections were stained with toluidine blue. Ultrathin sections of selected areas were stained with uranyl acetate and lead citrate, and viewed with a Zeiss EM 902 (Zeiss, Oberkochen, Germany) electron microscope.

For immunohistochemistry, optic nerve cross sections were rinsed in phosphate buffered saline (PBS, pH 7.2-7.4), dehydrated, and embedded in paraffin. Sections (5µm thick) were placed on poly-L-lysine coated glass slides, deparaffinized and rehydrated. The sections were incubated with the primary antibody over night at 4^o^C in a moist chamber. The primary antibodies used were directed against glial fibrillar acidic protein (GFAP; 1:200, Biogenex, San Ramon, CA, USA), neural cellular adhesion molecule (NCAM; 1:100, Sigma, Deisenhofen, Germany), vimentin (1:200; Dako, Glostrup, Denmark), and laminin (1:200; Sigma). After rinsing in PBS, the sections were incubated with an appropriate fluorescent labeled secondary antibody for one hour at room temperature, rinsed again, and mounted with glycerin jelly.

Unfortunately, due to the fixation of the tissue the number of antibodies was restricted, and numerous additional antibodies which were tested for further characterization did not show sufficient staining.

Evaluation
----------

Axon count was calculated as described previously \[[@R3]\]. In brief, the axons in randomly selected areas of the optic nerve were counted by light microscopy and the total number calculated by projecting the counts to the total cross section area. Due to the number of myelinated nerve fibers in single cross sections, the optic nerves were grouped into three stages of severity. Mild optic neuropathy was considered in optic nerves with axon counts more than 500,000. In the group of moderate optic neuropathy, sections with axon counts between 100,000 and 500,000 were included. Severe stages of optic neuropathy contained less than 100,000 myelinated axons.

The densified areas in the whole optic nerve were counted and measured by light microscopy. Immunohistoc-hemical staining was investigated using a Leica Aristoplan fluorescence microscope.

RESULTS
=======

Densified Regions: Frequency of Appearance
------------------------------------------

Most of the densified regions were observed in optic nerve cross sections of donors with mild optic neuropathy (Table **[2](#T2){ref-type="table"}**): they were located within the neuronal tissue of the optic nerve and did not reach the rim of the optic nerve (pia mater). At places, they filled in almost a complete bundle reaching towards the connective tissue septae within the nerve (Fig. **[1](#F1){ref-type="fig"}**). Their diameter ranged between 120 and 300 µm; their number varied greatly within the single nerves, even between the right and left nerve of a single donor. The densified regions could be identified in consecutive sections; the tissue samples, however, did not allow a longitudinal reconstruction within the optic nerve. The densified regions were found regardless of the section distance towards the lamina cribrosa, the distance varying between 2 -- 20 mm.

In optic nerve cross sections defined as moderate optic neuropathy, still some densified regions could be observed in POAG, but their number was less frequent (Table **[2](#T2){ref-type="table"}**). Their size and localization was the same as in mild optic neuropathy. The regions were never seen in contact to gliotic areas with complete axonal degeneration.

No densified regions were present in severe stages of optic neuropathy; here an increase in gliotic reaction and a profound degeneration of axons dominated most areas of the optic nerve cross sections.

Densified Regions: Immunohistochemical Characterization
-------------------------------------------------------

Immunohistochemical staining for GFAP, the most general marker for astrocytes, revealed, that within these regions, no GFAP positive cells were present (Fig. **[2a](#F2){ref-type="fig"}**). The surrounding neural tissue showed the regular appearance of GFAP staining as seen in non-glaucomatous optic nerves. The staining intensity next to the GFAP-free regions did not show increased values and no encapsulating processes of the astrocytes. Surrounding astrocytes, therefore, seemed not activated by the process of densification.

Staining for NCAM, a marker for various cell types derived from the neuroectoderm (mainly glial cells but also some neurons), revealed positive cells allover the neuronal tissue of optic nerve cross sections including the densified regions (Fig. **[2b](#F2){ref-type="fig"}**). A similar staining was observed using antibodies against vimentin (data not shown).

Laminin staining was seen at the rim of the connective tissue within the optic nerve but not within the neuronal tissue or in contact with the densified regions (data not shown).

Densified Regions: Ultrastructural Morphology
---------------------------------------------

Electron microscopy showed numerous small myelin rings (presumably small axons) within the densified regions. They were surrounded by an electron-dense cytoplasm containing degenerated myelin forms (Fig. **[3](#F3){ref-type="fig"}**). Normal-sized axons were absent in the densified regions. Nuclei present within the densified areas showed dense chromatin, usually seen in either oligodendrocytes or microglia. The light nuclei of astrocytes were never observed within these regions. The rim of the densified regions showed no specific cellular or extracellular structure.

DISCUSSION
==========

While densified regions in the optic nerve with unknown origin can occur sporadic in otherwise healthy eyes, densified regions occur frequently in early stages of glaucomatous optic neuropathy. They are located within healthy neuronal tissue and are not separated by specific morphological features. In contrast to densified regions in non-pathologic optic nerves, the densified areas in glaucomatous optic neuropathy showed a lack of GFAP staining without affecting the surrounding neuronal tissue.

While experimental hypoxia lead only to an early, reversible reduction of GFAP \[[@R4]\], decreased GFAP was also seen in chronic swelling and vacuolation of white matter astroglia (clasmatodendrosis) in Alzheimer's disease \[[@R5]\]. A true lack of GFAP staining has been described in severe focal experimental cerebral ischemia, however with increase of GFAP in the surrounding tissue \[[@R6]\]. An early astrocyte reaction in the optic nerve has also been described for inflammatory diseases \[[@R7]\]. The findings in the densified regions of glaucomatous optic nerves, however, contradict the expected GFAP (astrocyte) activation, which is frequently seen in more severe stages of glaucomatous optic neuropathy \[[@R8]\]. Therefore, a specific process seems to take place in early stages of glaucomatous neuropathy: the astrocytes seem to retrain their processes from regions of local activity (possibly pre-degeneration) without forming a wall around these regions. Interestingly, there was no specific correlation of early optic neuropathy with any of the few clinical data available. Since the densified regions were only small compared to the optic nerve diameter, these activities per se seem not to influence the clinical process.

Within the densified regions of glaucomatous optic nerves, vesicular myelin formations and irregularities were regularly present showing similarities to nerve degeneration in the peripheral nervous system: early stages of Wallerian-type degeneration show vesicular myelin formations, replacing the axon by tubulovesicular structures \[[@R9]\]. Although this process is described for single nerve fibers, it might take place in focal groups of neighboring neurons in the optic nerve, too.

Since previous work could show vascular changes (loss and occlusion of capillaries) in the postlaminar optic nerve of glaucomatous eyes \[[@R3]\], these changes might support the importance of ischemia in the progress of glaucomatous optic nerve pathology. Acute anoxia, however, does not lead primarily to changes in the myelin sheath \[[@R10]\]. Therefore, the densified regions in early stages of glaucomatous optic neuropathy need more attention and might broaden the understanding of white matter degeneration.
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![Toluidine blue stained semi thin section of an optic nerve with mild optic neuropathy (80 years old female donor with POAG). Note the densified region marked with a star. Within this region, some dense nuclei can be observed. There was a complete lack of light nuclei (arrows outside of the densified region) as an indication for astrocytes.](TOOPHTJ-9-20_F1){#F1}

![Immunohistochemistry of optic nerve cross sections with mild optic neuropathy (60 years old male donor with POAG). The densified region is marked with a star, the rim of the region with numerour arrows. a) Staining with antibodies against glial fibrillary acidic protein (GFAP) reveals a lack of staining within the densified area and no specific accent at the rim of the region or within the surrounding neuronal tissue. b) Staining with antibodies against neural cellular adhesion molecule (N-CAM) shows a diffuse staining within the densified area similar to the surrounding neuronal tissue.](TOOPHTJ-9-20_F2){#F2}

![Electron microscopic micrograph of the optic nerve (63 years old male donor with POAG) at the rim of a densified area. Note the different appearance between densified area (left) and the normal neuronal tissue (right). In the densified areas, some small axons and their myelin sheath seem to be preserved (arrows), but their density is low and they are surrounded by an electron dense cytoplasm with numerous myelin debris. Larger axons (stars) are only present outside of the densified areas. The dark dense nuclei indicate either oligodendrocytes or microglia.](TOOPHTJ-9-20_F3){#F3}

###### 

Clinical data of the eyes investigated.

Clinical data of the Primary open angle glaucoma eyes

  Age (Years)/ Sex   Duration (Years)   Eye   IOPmax (mmHg)   IOPther (mmHg)   C/D ratio   Visual Field
  ------------------ ------------------ ----- --------------- ---------------- ----------- --------------
  76/m               14                 OD                    16               0.2         normal
  OS                                    16    0.2             normal                       
  65/m               8                  OD    35              22               0.4         normal
  OS                 35                 22    0.9             Sup arc                      
  63/f               13                 OD    34              20               0.1         normal
  OS                 34                 22    0.1             normal                       
  80/m               23                 OS    25              20               0.4         normal
  89/f               10                 OD    28              15               ?           ?
  OS                 29                 15    ?               ?                            
  69/m               2                  OD    26              ?                0.2         normal
  OS                 26                 ?     0.2             normal                       
  81/m               5                  OD    26              14               0.8         normal
  OS                 26                 16    0.2             Sup arc                      
  86/f               7                  OD    32              17               0.7         Sup arc
  OS                 32                 17    0.6             normal                       
  84/f               13                 OD    25              12               0.7         ?
  OS                 22                 13    0.6             ?                            
  74/f               5                  OD    30              22               0.6         normal
  60/m               5                  OD    ?               22               0.3         Sup arc
  OS                 ?                  16    0.3             constr                       
  63/m               ?                  OS    26              19               ?           ?
  80/f               5                  OD    28              18               0.6         normal
  OS                 26                 14    0.6             normal                       
  72/f               14                 OD    ?               ?                ?           ?
  OS                 ?                  ?     ?               ?                            

###### 

Clinical data of the Pseudoexfoliation glaucoma eyes

  Age (Years)/ Sex   Duration (Years)   Eye   IOPmax (mmHg)   IOPther (mmHg)   C/D Ratio   Visual Field
  ------------------ ------------------ ----- --------------- ---------------- ----------- --------------
  93/f               7                  OS    30              23               0.7         normal
  83/f               1                  OD    16              16               0.4         normal
  87/f               2                  OD    20              14               0.5         normal
  OS                 19                 16    0.6             normal                       
  79/f               4                  OD    28              19               0.3         normal
  OS                 31                 21    0.3             normal                       
  93/f               7                  OS    45              25               0.2         normal
  100/m              12                 OD    29              15               0.9         Sup arc
  OS                 33                 15    0.9             Sup arc                      
  86/m               10                 OD    21              17               0.3         normal
  OS                 18                 15    0.9             normal                       
  89/m               5                  OD    46              20               0.8         blind
  OS                 26                 16    ?               central                      
  98/m               7                  OD    22              13               0.2         constr
  OS                 35                 17    0.2             Sup arc                      
  71/f               20                 OD    22              17               0.3         normal
  OS                 45                 30    1.0             Sup arc                      
  88/m               9                  OD    25              16               0.3         ?
  OS                 27                 18    0.6             ?                            

m = male, f = female; OD = right eye, OS = left eye; IOPmax = highest intraocular pressure measured; IOPther = mean intraocular pressure during therapy; C/D ratio = cup/disc ratio; Sup arc = superior arcuate scotoma, constr = constricted visual field.

###### 

Number and occurrence of densified regions in different stages of primary open angle and pseudoexfoliation glaucoma optic neuropathy.

  ----------------------------------------------------------------------------------------------------------------------------------
                               Primary Open Angle Glaucoma   Pseudoexfoliation Glaucoma                            
  ---------------------------- ----------------------------- ---------------------------- ------------------------ -----------------
  Mild optic neuropathy\       758,413 (±91,274) n=13        10 (4-30) n=9/13             779,959 (±169,622) n=8   15 (2-25) n=4/8
  (\> 500,000 axons)                                                                                               

  Moderate optic neuropathy\   337,690 (±90,140) n=9         10 (6-14) n=3/9              285,939 (±106,376) n=7   0
  (100,000-500,000 axons)                                                                                          

  Severe optic neuropathy\     27,937 (±18,842) n=3          0                            96,860 (±1858) n=2       0
  (\< 100,000 axons)                                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------
